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ABSTRACT: We used computer simulations to study the
effect of phase separation on the properties of lipid
monolayers. This is important for understanding the lipid—
lipid interactions underlying lateral heterogeneity (rafts) in
biological membranes and the role of domains in the
regulation of surface tension by lung surfactant. Molecular
dynamics simulations with the coarse-grained MARTINI force
field were employed to model large length (~80 nm in lateral
dimension) and time (tens of microseconds) scales. Lipid
mixtures containing saturated and unsaturated lipids and
cholesterol were investigated under varying surface tension
and temperature. We reproduced compositional lipid demixing

and the coexistence of liquid-expanded and liquid-condensed phases as well as liquid-ordered and liquid-disordered phases.
Formation of the more ordered phase was induced by lowering the surface tension or temperature. Phase transformations
occurred via either nucleation or spinodal decomposition. In nucleation, multiple domains formed initially and subsequently
merged. Using cluster analysis combined with Voronoi tessellation, we characterized the partial areas of the lipids in each phase,
the phase composition, the boundary length, and the line tension under varying surface tension. We calculated the growth
exponents for nucleation and spinodal decomposition using a dynamical scaling hypothesis. At low surface tensions, liquid-
ordered domains manifest spontaneous curvature. Lateral diffusion of lipids is significantly slower in the more ordered phase, as
expected. The presence of domains increased the monolayer surface viscosity, in particular as a result of domain reorganization

under shear.

B INTRODUCTION

Biological membranes contain multiple lipid species that are
organized laterally into regions with distinct properties—
domains of coexisting phases.' > Lateral organization of lipids
serves to optimize the environment for biochemical reactions.”
In cell membranes, the raft hypothesis suggests the presence of
nanoscale dynamic domains of a liquid-ordered-like phase
enriched in cholesterol and sphingomyelin and incorporating
specific proteins.® Rafts are important in membrane trafficking,
signal transduction (including immune response), and entry
and budding of pathogens.®”'® Lateral organization of lipids
also plays an important role by modulating the membrane
structure and properties. In lung surfactant, a monolayer lining
the gas exchange interface in the lungs, saturated and
unsaturated lipids are separated into coexisting phases.''”'?
Squeeze-out and reincorporation of liquid-expanded domains
enriched in unsaturated lipids provides low surface tensions
during the breathing cycle.'*'®

Because of their importance, domains in biological
membranes have attracted growing scientific interest.'® Despite
extensive studies, the nature of domains, in particular on the
nanometer scale, remains controversial.'”~2° In lung surfactant,
the structure of more ordered domains (liquid-condensed vs
liquid-ordered phases) and their role in surface activity are not
fully understood. Rafts have been observed only indirectly in
vivo and differ in size and life span. In contrast to in vivo
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dynamic nanoscale rafts, model membranes (bilayers) contain-
ing raft-forming lipids show persistent macroscopic phase
separation. Current theories offer various explanations for this
discrepancy, including active cellular processes (lipid transport
and recycling), lipid—protein interactions, adhesion to
cytoskeleton (protein fences), protein scaffolds, and specific
lipid—lipid interactions (see, e.g, refs 17, 18, and 21 for
reviews).

Lipid—lipid interactions alone could produce nanoscale
domains via different theoretical scenarios. In a single-phase
region, the vicinity to a critical point gives rise to transient
compositional fluctuations. The characteristic size of “domains”
is then given by the correlation length, which diverges as the
critical point is approached.””** Coupling between leaflets with
asymmetric composition can induce or suppress phase
separation.”**® Rafts could also represent a microemulsion
driven by coupling of curvature to compositional differences
between the leaflets.”®

Within a phase-coexistence region, several factors can
prevent coagulation and stabilize small domains. At low line
tensions at the domain boundaries, a large number of small
domains becomes favorable because of the resulting entropy
gain. Line tension arises from hydrophobic mismatch and
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difference in chain order between the two phases and could be
lowered by lipids containing a saturated chain and an
unsaturated chain.””** Long-range repulsive forces also favor
a small domain size. Repulsion can originate from spontaneous
curvature of domains*””° or from uncompensated out-of-plane
electrostatic dipole moments,*"** such as in lipid monolayers.

Distinguishing among the large number of theories of
domain formation in biological membranes remains elusive
because their experimental verification is challenging.”>*® This
is due to difficulties in obtaining experimental data at both high
spatial and temporal resolutions. Over the past decade, the
range of problems accessible in typical computer simulations
has advanced significantly, from a small lipid patch or protein
fragment on nanosecond time scales to complex protein—lipid
assemblies on time scales of tens of microseconds.

Here we used molecular dynamics (MD) simulations with
the coarse-grained (CG) MARTINI force field** to model
monolayers at large length (80 nm in lateral dimension) and
time (tens of microseconds) scales while retaining a significant
amount of molecular detail. We focused on phase separation in
lipid monolayers as a step towards understanding lipid—lipid
interactions underlying lateral heterogeneity in biological
membranes. Lipid monolayers allow varying molecular areas
over several phases, are convenient to study experimentally, are
often used as model systems for cell membranes, and are
directly relevant for studying lung surfactant.

Previous MD studies using both atomistic and CG force
fields have simulated phase transformations in lipid bilayers and
monolayers.*>~*’ However, only a small number of studies have
investigated phase coexistence, and they were generally limited
to small time and length scales because of computational limits.
In lipid monolayers, the coexistence of liquid-condensed (LC)
and liquid-expanded (LE) phases was earlier simulated using
the MARTINI model,*"** with mainly qualitative analysis of
the domain properties. In lipid bilayers, compositional demixing
of long- and short-chain lipids (having high and low melting
temperatures, respectively) and coexistence of the gel and
liquid-crgrstalline (La) phases were simulated with CG
models.**~* The phase coexistence of liquid-ordered (Lo)
and liquid disordered (Ld) phases was reproduced in raft-
forming lipid mixtures using the MARTINI model.*~*° In
those studies, the compositions of the phases, their thicknesses,
order parameters, lipid mobilities, and the line tension at the
phase boundary were characterized.

In this work, we reproduced two physiologically relevant
cases: the coexistence of LE and LC phases (Figure 1) and of
Lo and Ld phases (Figure 2), which at certain surface densities/
surface tensions show strong similarities to Lo and gel phases
and Lo and Ld phases in bilayers, respectively. Compositional
lipid demixing was induced in ternary mixtures of saturated and
unsaturated lipids and cholesterol under varying surface tension
and temperature. By employing cluster analysis with Voronoi
tessellation (Figure 3), we obtained detailed information on a
number of domain properties, including the surface-tension-
dependent composition, partial lipid areas, boundary length,
and fraction of each phase. In contrast to previous studies, the
large monolayer size in this work (~10000 lipids per
monolayer) allowed the formation of multiple domains,
enabling us to analyze their independent growth and merging
while retaining near-atomic resolution. We observed phase
separation by two mechanisms, nucleation and spinodal
decomposition, with distinct domain morphology and kinetics
of growth. Our study provides a molecular view of liquid—

Figure 1. Formation of LC domains in the LE phase in a 3:1:1
DPPC:POPG:DOPC mixture at a surface tension of S mN/m at 290
K. Top view; DPPC is shown in green, POPG in yellow, and DOPC in
orange; water is not shown.

Figure 2. Phase separation into Lo and Ld phases in a 5:3:4
DPPC:DOPC:cholesterol mixture at a surface tension of 30 mN/m at
290 K. View as in Figure 1; DPPC is shown in green, DOPC in
orange, and cholesterol in purple.

liquid and liquid—solid phase coexistence in lipid membranes
on length scales detectable using emergin% experimental
methods such as super-resolution microscopy.’’ >

B METHODS

Simulations were performed using the GROMACS software package
(version 4).%* The mixtures of saturated and unsaturated lipids and
cholesterol were studied under varying surface tension (1-30 mN/m)
and temperature (270—323 K) to reproduce transformations between
either the LE and LC phases or the Lo and Ld phases. A summary of
the simulations is given in Table 1.
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Journal of the American Chemical Society

exe’

Ce-0
£

Figure 3. (a) System setup and (b) lipids in the MARTINI model.

Color scheme: DPPC in green, POPG in yellow, DOPC in orange,
cholesterol in purple; water in cyan, simulation box edges in dark blue.

The system setup consisted of a water slab in vacuum with two
symmetric monolayers at the two water—vacuum interfaces (Figure
3a). The monolayers consisted of dipalmitoylphosphatidylcholine
(DPPC), dioleoylphosphatidylcholine (DOPC), palmitoyloleoylphos-
phatidylglycerol (POPG), and cholesterol. We selected the lipid ratios
3:1:1 DPPC:POPG:DOPC and 5:3:4 DPPC:DOPC:cholesterol,
which are called in the text the LC/LE and Lo/Ld mixtures,
respectively. The lipids were randomly mixed in the starting
configuration, and then the target surface tension and temperature
were applied.

We simulated small and large membrane patches of 2304 and 9216
lipids per monolayer, corresponding to box lateral sizes of ~40 and
~80 nm, respectively. Depending on the lipid composition, the water

slab contained ~60 000 and ~350 000 water particles for the small and
large monolayers, respectively; Na* ions were added to neutralize the
charge of anionic POPG lipids.

We used the MARTINI CG force field>* In this force field,
molecules are represented by particles that group approximately four
heavy atoms together (Figure 3b). DPPC and DOPC are standard
components of this force field. For POPG, the glycerol group in the
headgroup was represented by a polar particle, P4, as in previous
simulations.”>* In the unsaturated hydrocarbon chains, the particle
type at sites D3A,B and C4A,B was changed to C4, analogous to the
raft-forming lipid mixture in ref 46; the angle potential at these sites
was also modified to an equilibrium angle of 100° and a force constant
of 10 kJ mol™ rad™ to reproduce a decrease in the order parameter
profile at the unsaturated bond.

For nonbonded interactions, the standard cutoffs for the MARTINI
force field were used: the Lennard-Jones potential was shifted to zero
between 0.9 and 1.2 nm, and the Coulomb potential was shifted to
zero between 0 and 1.2 nm with a relative dielectric constant of 15.
The time step was 20 fs, and the neighbor list was updated every 10
steps. Lipids and water were coupled separately to a target temperature
using the velocity rescaling thermostat®” with a time constant of 1 ps.
A target surface tension was maintained using the surface tension
coupling scheme and the Berendsen barostat®® with a time constant of
4 ps and a compressibility of 5 X 107> bar™" in the lateral direction; the
compressibility in the normal direction was set to zero to prevent box
contraction. The simulation time was 25 us for simulations in which
phase separation occurred and 5 pis for homogeneous membranes. The
actual simulation time is indicated everywhere in the text.
Thermodynamic properties were calculated by averaging over the
last microsecond of the trajectory. Diffusion coefficients were
calculated from the last S00 ns of the trajectory after subtracting the
center-of-mass motion of the monolayers. The kinetics of domain
growth was characterized over the whole trajectory.

Table 1. Summary of Simulations Performed®

C N T (K)
3:1:1 DPPC:POPG:DOPC 2304 310
290
9216 290
5:3:4 DPPC:DOPC:cholesterol 2304 323
290
9216 290

Ym (mN/m) t (us) phase
30 N LE
20 S LE
10 S LE
N S LE
30 S LE
20 S LE
10 S LE
25 LE + LC
N 25 LE + LC
25 LE + LC
10 S LE
25 LE + LC
S 3 X 2§ LE + LC
25 LE + LC
30 25 F
20 25 F
10 25 F
s 25 F
30 25 Ld + Lo
20 25 Ld + Lo
10 25 Ld + Lo
S 25 Ld + Lo
30 2 X 2§ Ld + Lo
S 2 X 2S5 Ld + Lo

“Here C is the monolayer composition, N is the number of lipids per monolayer, T is the absolute temperature, y,, is the surface tension, and ¢ is the
simulation time; LE denotes the 11qu1d expanded phase, LC the liquid-condensed phase, Lo the liquid-ordered phase, Ld the liquid-disordered phase,

and F compositional fluctuations.
characterized for the purpose of comparison.
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This monolayer was unstable and collapsed after ~13 us. The monolayer structure before collapse was
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To characterize the kinetics of domain growth, we performed two
additional independent simulations of the large monolayers for each
composition (see Table 1). The later stages of coarsening, where the
domain sizes became comparable to the box size and led to strong
deviations in the average domain size, were excluded from the analysis
of the growth kinetics.

We also performed controls on the small monolayers for both
mixtures at 5 mN/m and 290 K using a dissipative particle dynamics
(DPD)-like thermostat with pairwise impulsive friction as described in
ref 59, with isotropic friction at a rate of 1 ps™". This thermostat uses
Galilean-invariant relative frictions, which provide conservation of
linear momentum and maintain the correct dynamics in the limit of
large length and time scales.

Because of the strong lateral heterogeneity, we did not directly
calculate the monolayer thickness. The chain order parameter, S,, was

calculated using the formula
1 2
Son = <E(3 cos” 6, — 1)>

where 6, is the angle between the vector connecting the n — 1 and n +
1 sites of the hydrocarbon chain and the monolayer normal z and the
average is over all sites (C1 to CS) for both chains and over all lipids
constituting the given phase, except for cholesterol.

The line tension at the domain boundary, 4, was calculated from the
pressure tensor components Py, and P, of stripelike domains oriented
along the x axis and periodic in this direction. For this purpose,
additional 10 us simulations were performed for the small monolayers.
The following formula was used:

1
A= ZLyLZ(Pyy -p)

where L, and L, are the y and z dimensions of the box and the factor of

1 L

/4 accounts for the total of four boundaries in the two monolayers.
The monolayer surface viscosity, #,, which approximately

represents a three-dimensional (3D) viscosity multiplied by a

monolayer thickness, was calculated using the formula®

1
M = S By(9)Le = 1,5L,.]

where 7, is the viscosity of water [(7.7 £ 04) X 107 Pa s, as
calculated in ref 56], L, is the thickness of the water slab in the
simulations, and s is the shear rate. To calculate 7,,, additional 10 yus
shear-flow simulations at two shear rates were performed for the small
monolayers (see Table 3).

We developed a MATLAB (version R2011b)-based program to
perform quantitative analysis of the domains (Figure 4) [Mendez-
Villuendas et al,, in preparation]. The area occupied by each lipid was
calculated on the basis of Voronoi tessellation. The C1A,B sites in
DPPC, POPG, and DOPC and the R1 site in cholesterol (indicated as
dots in Figure 3b) were selected as the centers of Voronoi polygons.
These sites were then distributed between the two coexisting phases
using cluster analysis based on a connectivity matrix with a selected
cutoff, R . The cutoff corresponded roughly to the square root of the
inverse average density of the Voronoi sites. In addition, lipids
belonging to a more ordered phase were required to have an average
chain order parameter, S,, larger than a selected cutoff. To distinguish
between compositional fluctuations and actual domains of the new
phase, a cutoff on the domain size, N, was also introduced. These
numbers were chosen by monitoring the fraction of small clusters
constantly present on the simulation time scale. The following cutoff
values were used for the two lipid mixtures: R, = 0.55 nm, S, = 0.4,
and N, = 100 sites for the coexisting LC/LE mixture (as the LC
phase is nearly incompressible in the selected narrow surface tension
interval) and R, = 0.550—0.592 nm, S, = 0.3, and N, = 10 sites for
the Lo/Ld mixture.

The average domain size, R, was calculated from the average domain
area, (A), using the expression R = ((A)/7)"/% The size of the critical
nucleus was determined from the cluster analysis as the largest
compositional fluctuation that did not lead to domain growth. To

0 5 10 15 20 25 30

Figure 4. Cluster analysis based on Voronoi tessellation using C1A,
C1B, and R1 particles as centers for Voronoi polygons. (a) Polygons
corresponding to DPPC and cholesterol forming the Lo phase are
colored in green and yellow, respectively. (b) The phase boundary is
shown in red.

improve the statistics for this particular property, four additional 1 us
simulations were performed for the 3:1:1 DPPC:POPG:DOPC
mixture at 5 mN/m and 290 K| to give a total of 10 data sets. The
apparent nucleation rate, N, was calculated from the time dependence
of N, the number of clusters larger than the critical nucleus:

_ 14V
A, dt

where A, is monolayer area.

The monolayer curvature was characterized using a second
MATLAB (v.R2011b)-based program [Mendez-Villuendas et al, in
preparation]. The phosphate groups of lipids (PO4 sites) were fitted
to a surface using a two-dimensional (2D) binomial filter with a 6 nm
characteristic length to remove the noise. The resulting convoluted
surface was then converted to an equally spaced grid (0.6 nm), for
which partial derivatives were calculated to find the principal
curvatures ¢, and ¢, and the mean curvature H = (¢; + ¢,)/2.

dx.doi.org/10.1021/ja304792p | J. Am. Chem. Soc. 2012, 134, 17543—-17553
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B RESULTS

Isotherms. For the simulated lipid mixtures, we first
calculated the surface tension—area isotherms (Figure S). The
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Figure S. Surface tension—area isotherms calculated for the (a) 3:1:1
DPPC:POPG:DOPC and (b) 5:3:4 DPPC:DOPC:cholesterol mono-
layers. Data points are shown as black triangles and squares for the
small monolayers and gray triangles for the large monolayers (points
overlap).

surface tension in the monolayer, ¥, at a given area per lipid,
A, can be related to the experimentally measured surface
pressure, II(A.), using the standard formula y,,(A;) = y, —
I1(A.), where y, is the surface tension at the pure air—water
interface. Notably, for both mixtures, the isotherms for the
small and large monolayers (see Methods) were essentially the
same.

The 3:1:1 DPPC:POPG:DOPC monolayer was roughly
homogeneous at 310 K and formed an LE phase. At 290 K, a
transformation into an LC phase occurred at low surface
tensions, manifested as a plateau on the isotherm. At and below
the plateau, coexistence of the LE and LC phases was observed.
The LC phase consisted mainly of DPPC lipids with a small
fraction of POPG that varied with surface tension (see below).

In the 5:3:4 DPPC:DOPC:cholesterol monolayer, coex-
istence of the Lo and Ld phases was observed at 290 K within
the studied interval of surface tensions. The Lo phase consisted
of DPPC and cholesterol arranged into a distorted hexagonal
lattice, while the Ld phase was highly enriched in DOPC
(Figure 6a). At 323 K, transient large clusters close in
composition to the Lo phase (i.e, strong compositional
fluctuations) were observed (Figure 6b).

Order of Phases. The coexisting phases were then
characterized using the in-plane (2D) radial distribution
function (RDF) (Figure 7). Compared with a roughly
homogeneous LE phase (Figure 7a), coexistence of the LC

Figure 6. Phase behavior in the $5:3:4 DPPC:DOPC:cholesterol
mixture at (a) 290 and (b) 323 K. Top view; color scheme as in Figure
2.

tn
"

a b

4 . af .
U 1 O3l - oeec
< & T| - boec |
=) [=) - POPG
g ]
& (]
[= = [=

5k c |
gr 4 ~
Y 1] - oeec Y
- DOPC o
8 3Hl - POPG 1 o = cholesterol
g freg
g2 e

e J f ]
4 -
4} -
3| - DPPC - || - oPPC
- DOPC
= cholesterol = cholesterol -

RDF(DOPC)
g
m

RDF{cholesterol)
L .

4 6
r.nm

Figure 7. In-plane RDFs for lipids. (a) The 3:1:1 DPPC:POPG:-
DOPC monolayer is homogeneous at a surface tension of S mN/m at
310 K, and (b, c) it separates into LE and LC phases at a lower
temperature of 290 K. (d—f) The 5:3:4 DPPC:DOPC:cholesterol
monolayer is separated into Lo and Ld phases at a surface tension of
30 mN/m at 290 K. Color scheme: DPPC in green, POPG in orange,
DOPC in red, cholesterol in purple.

and LE phases is visible by long-range translational order and
segregation of saturated DPPC in the LC domains (Figure
7b,c). Even stronger compositional demixing was observed for
the Lo and Ld phases (Figure 7d—f). The translational order
decayed faster in the Lo phase than in the LC phase, consistent
with the liquid nature of the former versus the solidlike nature
of the latter.

The orientational order of lipid hydrocarbon chains (Table
2) generally increased as the temperature and surface tension
decreased. The chain order parameter S, (see Methods) was
slightly larger in the LC phase than in the Lo phase and
noticeably larger in the LE phase than in the Ld phase because
of the higher concentration of saturated lipids in the former
(see below). The calculated order parameters are in good
agreement with values previously reported for lipid bilayers and
monolayers forming these phases in the MARTINI model.**°

Area per Lipid. In the coexistence region, the area per lipid
in each phase (Figure 8) differed from the average area per lipid
shown in the isotherms (Figure S). In the LC/LE mixture, the
average area per lipid decreased with decreasing surface tension,
while the areas per lipid in the individual phases remained

dx.doi.org/10.1021/ja304792p | J. Am. Chem. Soc. 2012, 134, 17543—-17553



Journal of the American Chemical Society

Table 2. Orientational Order Parameters and Line Tensions”

C N T (K)
3:1:1 DPPC:POPG:DOPC 2304 310
290
5:3:4 DPPC:DOPC:cholesterol” 2304 323
290

Ym (mN/m) phase S, A (pN)
30 LE 0.44
30 LE 0.50
10 LE 0.60
7 LE/LC 0.58/0.92
S LE/LC 43
LE/LC 28
30 F (Ld/Lo)* 029/0.73
30 Ld/Lo 0.32/0.89 15
10 Ld/Lo 9
S Ld/Lo 0.40/0.89

“Here C is the monolayer composition, N is the number of lipids per monolayer, T is the temperature, and 7, is the surface tension; LE denotes the
liquid-expanded phase, LC the liquid-condensed phase, Lo the liquid-ordered phase, Ld the liquid-disordered phase, and F fluctuations; S, is the
orientational order parameter averaged over all sites representing lipid hydrocarbon chains (C1 through C5), and 4 is the line tension at the phase
boundary. bCholesterol was not considered in the calculation of S,. “S, was calculated for the Lo and Ld clusters.
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Figure 8. Areas per lipid in the (a) LE and LC and (b) Lo and Ld
coexisting phases at 290 K. Solid lines correspond to the average areas
per lipid in the monolayers as shown in Figure S.

nearly constant (Figure 8a). In the Lo/Ld mixture, the areas
per lipid decreased with decreasing surface tension, particularly
in the Ld phase (Figure 8b). The values for the Lo phase are in
agreement with experimental studies on lipid monolayers®' and
with previous simulation results for lipid bilayers.*®

The partial area of DPPC lipid in the Lo phase at 290 K
(Figure 9a) was close to but slightly higher than that in the LC
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Figure 9. Partial areas per DPPC and cholesterol in the Lo phase at
(a) 290 and (b) 323 K.

phase (compare to, e.g., the areas in DPPC monolayers in refs
41 and 42) because of the condensing effect of cholesterol, in
agreement with theoretical predictions (see, e.g, refs 62 and 63
and references therein). The partial DPPC area in the Lo
clusters at 323 K was larger (Figure 8b) and became similar to
the area in an LE phase at higher surface tensions. This change
in DPPC partial area with temperature supports the difference
in phase behavior (domains vs fluctuations) mentioned above.
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Composition. In the LC/LE mixture, the composition of
each phase depends on the surface tension. The fraction of
DPPC lipids forming the LC phase (Figure 10a) and the total
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Figure 10. Concentration of DPPC lipids in the (a) LC and (b) Lo
phases. C, is the DPPC fraction forming the ordered phase (Lo or
gel), and C; is the DPPC composition of the ordered domains.
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Figure 11. Area fraction, A/A, and normalized boundary length, L/L,,
of the (a) LC and (b) Lo phases. The areas A are normalized to the
area of the simulation box, Ay; the boundary lengths are normalized to
Lo, the perimeter corresponding to a single circular domain with area
A.

fraction of LC phase (Figure 1la) increased as the surface
tension decreased. At the same time, the relative proportion of
DPPC in the LC phase decreased as more POPG lipids were
condensed by monolayer lateral compression. POPG contains
one saturated and one unsaturated chain and is a likely
candidate for a line-active lipid.”” However, we did not observe
its segregation or enrichment at the phase boundary, although
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Table 3. Diffusion and Surface Viscosity”

C N T (K) Y (mN/m)
3:1:1 DPPC:POPG:DOPC 2304 310 30
290 30
10
7
S
1
5:3:4 DPPC:DOPC:cholesterol 2304 323 30
290 30
S

7(1071%Pa m s)

phase D (107 7cm?/s) 107 57! 106 s~
LE 20

LE 10 0.1 0.1
LE 8 0.2 0.2
LE/LC 6/0.3

LE/LC 6/0.2 0.4 0.4
LE/LC 5/0.2

F 9

Ld/Lo 6/0.1 1-0.5 8-0.5
Ld/Lo 2/0.03 3-0.7 10—-1

“Here C is the monolayer composition, N is the number of lipids per monolayer, T is the temperature, and y,, is the surface tension; LE denotes the
liquid-expanded phase, LC the liquid-condensed phase, Lo the liquid-ordered phase, and Ld the liquid-disordered phase; D is the long-time lateral
diffusion coefficient; 1, is the monolayer surface viscosity, values of which are given at two shear rates (values separated by dash are before and after

domain reorganization; see the text for details).

this may be because POPG is charged as well as for other
reasons.

In the Lo/Ld mixture, the compositions of the phases as well
as their fractions varied slightly with surface tension (see
Figures 10b and 11b). Most DPPC lipids partitioned into the
Lo phase at a 23:17 ratio with cholesterol (Figure 10b). The
composition of the Lo phase was in good agreement with that
of lipid bilayers from e:g)erimental data®* and simulations with
the MARTINI model.*

Phase Boundary. The boundary length between the
coexisting phases increased with decreasing surface tension
(Figure 11). This can be explained by a decrease in line tension
(Table 2). The latter is likely caused by a decrease in the
hydrophobic mismatch between the ordered (thicker) and
disordered (thinner) phases upon monolayer compression. In
the Ld phase, the area per lipid decreased (Figure 8b), which in
turn increased the thickness. In the LE phase, the fraction of
DOPC lipids increased (Figure 10a), while the area per lipid
did not change noticeably (Figure 8a). Given a higher area per
lipid of DOPC compared with DPPC,**® this in turn
produced an increase in thickness.

The calculated values for the line tensions are approximately
an order of magnitude higher than experimental values for lipid
bilayers and monolayers.””*”~7° However, the line tension in
monolayers was typically measured at much higher surface
tensions. In addition, the difference in scales for domain
boundary measurements (um in experiments vs A in
simulations), leading to different levels of detail, could play a
role. Previous simulations with the MARTINI model reported a
value of 3.5 pN per leaflet for the Lo—Ld interface in bilayers.*
Recent simulations based on longer time scales reported larger
values for bilayers of 14—20 pN,*®”" which are comparable to
the results of our study.

Dynamic Properties. Lipid long-time lateral diffusion
(Table 3) became slower as the temperature and surface
tension decreased, as expected. The transition to a more
ordered phase was accompanied by a decrease in the diffusion
coefficient (D) by 1—2 orders of magnitude, consistent with the
results of experimental studies’>””> and previous simulations
with the MARTINI model 3¢+ Here, somewhat faster
diffusion was observed in the LC phase, which could be related
to the small size of the LC domains. Even slower diffusion in
the Lo phase at 5 mN/m and 290 K could be associated with its
higher density or nonflat character (Figure 12). Domains of the
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Lo phase have a negative spontaneous curvature (approximately
—0.06 nm™"), likely induced by cholesterol.”®

-0.04

-0.0€

-0.0g

Figure 12. Monolayer of 5:3:4 DPPC:DOPC:cholesterol at a surface
tension of S mN/m at 290 K. (a) Side view, with lipid headgroups
shown as spheres, tails shown as sticks, and water not shown; color
scheme as in Figure 2. (b) Mean curvature surface.

The monolayer surface viscosities, 7,, (Table 3), were in
agreement with the results of previous simulations®**® and
lower than the experimental values,”””® while the shear rates
accessible in simulations were much higher than the
experimental ones (<10' s™!). Monolayer lateral compression
generally led to higher surface viscosities. Formation of the LC
domains further increased the viscosity, in agreement with
experimental findings.”” Interestingly, this increase occurred at
an unchanged area per lipid in the LE phase (see Figure 8a)
and a higher fraction of unsaturated lipid in the LE phase,
which would reduce the viscosity in the absence of LC
domains.”® Shear deformations caused rotation of the LC
domains but did not perturb their structure. In monolayers with
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Figure 13. Nucleation and growth of domains. (a) Number of clusters larger than the critical nucleus vs time and (b, c) average domain size vs time
on a logarithmic scale for the (a, b) 3:1:1 DPPC:POPG:DOPC and (c) 5:3:4 DPPC:DOPC:cholesterol monolayers at S mN/m and 290 K. Solid

lines show linear fits.

Table 4. Kinetics of Domain Growth”

C N T (K) Ym (mN/m)
3:1:1 DPPC:POPG:DOPC 2304 290 S
9216 290 S
5:3:4 DPPC:DOPC:cholesterol 2304 290 S
9216 290 30
S

thermostat phase a correlation coefficient
DPD-like LC/LE 0.33 0.94
v-rescale 0.33 0.94
v-rescale LC/LE 0.33; 0.45” 0.98
DPD-like Lo/Ld 0.26 0.95
v-rescale 0.25 093
v-rescale Lo/Ld 0.26 0.98

0.26 0.98

“Here C is the monolayer composition, N is the number of lipids per monolayer, T is the temperature, ¥,, is the surface tension, and a is the growth
exponent. “Obtained from a fit at later times (¢ > 2 ps). In large monolayers, fitting was performed on averages over six and four independent

trajectories for the LC/LE and Lo/Ld mixtures, respectively. See the text for details.

coexisting Lo/Ld phases, the monolayer underwent reorganiza-
tion under shear flow: its morphology changed from a
continuous network to stripes along the direction of shear.
Because of this reorganization (which took ~1 ys and ~100 ns,
at the lower and higher rates, respectively), the viscosity
noticeably decreased with time.

Mechanism of Phase Transformation. The mechanism
of phase transformation differed for the two different lipid
mixtures. In the first mixture, formation of the LC phase from
the LE phase proceeded via nucleation and growth. This
transformation was initiated by local compositional fluctuations
approaching the properties of the LC phase. The trans-
formation was characterized by an energy barrier; fluctuations
larger than a critical nucleus continued to grow. A thus-formed
LC domain in the LE matrix had a dropletlike morphology.
Multiple domains formed initially and consequently merged.

In the second mixture, the transformation into the Ld and Lo
phases proceeded via spinodal decomposition. Phase separation
in this case had no energy barrier; small compositional
fluctuations led to a spontaneous, uniform transformation
spread over the entire monolayer. This resulted in a continuous
network of domains growing in width. The domain
morphology did not change on the simulation time scale.

Nucleation. For the first mixture separating into the LE and
LC phases, we also analyzed the nucleation process (see
Methods). The size of the critical nucleus at S mN/m and 290
K was determined to be ~70 lipids, corresponding to a cluster
with a radius of ~3.3 nm. Because of the large fraction of DPPC
in the mixture, some nuclei of the LC phase in the form of large
DPPC clusters were present before the transformation started;
other nuclei appeared during the transformation. The apparent
nucleation rate was nearly constant (Figure 13a) and had a

value of ~2 X 107 ns™! nm™2.
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Kinetics of Domain Growth. Domain growth or
coarsening in our simulations covered more than an order of
magnitude in time and length scales and preserved the domain
morphology. To analyze the kinetics of coarsening, we applied
a dynamical scaling hypothesis®® suggesting that the time
evolution is determined by a single characteristic length, the
average domain size R, which changes with time, ¢, with a
characteristic growth exponent a: R ~ t

The kinetics of phase transformations has been described
previously by a number of theories (see refs 80—82 and
references therein). The behavior of a large number of systems
can be grouped into universality classes determined mainly by
the presence of conservation laws and the order parameters,
with defined values for the growth exponents. For example, the
universality classes of models A and B, corresponding to
nonconserved and conserved scalar order parameters, have
growth exponents of !/, and !/;, respectively. In monolayers,
the number of lipids and lipid composition are conserved
properties, while the lipid states are not conserved. This case
can be related to model C, which involves an 0rderin§
nonconserved field coupled to a nonordering conserved field,®
depending on the contribution of lipid demixing.** However,
hydrodynamics also plays an important role.* Different
mechanisms, including diffusive, viscous, and inertial effects,
can dominate at different scales and determine the growth
exponent, which also depends on the dimensionality.

Lipid monolayers represent thin liquid-crystalline films with
in-plane fluidlike behavior coupled to a 3D solvent. We
calculated several hydrodynamic parameters affecting the
kinetics of domain coarsening.**®” The hydrodynamic length,
Ly, given by the ratio of the membrane surface viscosity, 7,,,
and the bulk viscosity of the solvent, 7, separates the 2D and
3D growth regimes. In our simulations, Ly & 50 nm, which is
smaller than the experimental values because of the lower 7, in
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our simulations. We expect a quasi-2D growth regime
dominated by the membrane flow for R < Ly, whereas for R
& Ly the growth regime is intermediate between 2D and 3D,
altering the dynamics. The Reynolds number, Re, determines
the ratio of inertial and viscous flows; in our simulations, Re ~
107* The Péclet number, Pe vL/D, gives the ratio of
advective to diffusive transport. Using the estimates v = dR/d¢t
for the velocity and L = R for the characteristic length, we
obtain Pe ~ 1.

We then performed controls on the small monolayers using a
DPD-like thermostat with pairwise impulsive friction”
providing conservation of linear momentum (see Methods
for details). The calculated growth exponents were almost
equal to the values for the small monolayers under the same
conditions using the standard simulation parameters (Table 4).
Differences in hydrodynamic behavior leading to distinct
kinetics would likely play a role on time and length scales
that are much larger than the ones in our simulations.

The calculated growth exponents for the large monolayers
are presented in Table 4, and the R(t) dependences are shown
in Figure 13b,c. In the LC/LE mixture with droplet-shape
domains, fitting the entire curve for both small and large
monolayers gave an exponent of ~'/;. At later stages for the
large monolayers, we found a crossover to o ~ !/, that was not
observed for the small monolayers. In the Lo/Ld mixture,
which underwent spinodal decomposition with networklike
domains, the growth exponent was ~'/, for both the small and
large monolayers.

For spinodal decomposition with networklike interconnected
domains, the initial stages of growth in binary fluids can be
characterized by the interface diffusion mechanism with
exponents of /5 in 3D and '/, in 2D, followed by a crossover
to a viscous regime with @ ~ 1 in 3D.**® Previous theoretical
membrane studies at low Re for elongated domains have
reported apparent exponents of ~0.25 at Pe & 10 in 2D and
~0.5 at Pe ~ 1 at finite L;;.%® Different theoretical studies have
found an exponent of '/, in the 3D viscous regime.”””® A
similar result was also reported in DPD simulations.”" Lattice-
basgg Monte Carlo simulations, in contrast, reported a value of
1

/4

For the dropletlike morphology, Ostwald ripening (evapo-
ration—condensation) is characterized by an exponent of !/; in
2D and 3D.”*”* Competing growth by Brownian coagulation®*
(domain diffusion and merging) gives exponents of '/, in 2D
and '/5 in 3D. The growth exponent was previously shown to
change from '/, to !/ for drogletlike domains upon addition of
solvent in DPD simulations™ and in moving from the 2D
regime to the 3D regime in a continuum model.*” In our
simulations, we possibly cannot reach the late-stage Ostwald
ripening, while the contribution of domain merging is also
minor in the small monolayers. The crossover to a ~ '/, for the
large monolayers could correspond to Brownian coagulation in
2D. On the other hand, a finite Ly; comparable to the domain
size could break the dynamical scaling in our systems. In
addition, because of the limited length and time scales covered,
our simulations possibly did not reach the asymptotic scaling
regime.96

B DISCUSSION

We have presented a molecular view of phase transformations
in lipid monolayers. Two physiologically relevant cases were
considered: the coexistence of LE and LC phases and the
coexistence of Lo and Ld phases. Unlike previous works, our
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large-scale simulations with explicit solvent allowed the
formation of multiple domains with diameters of tens of
nanometers while retaining the chemical specificity of different
lipid types. We obtained detailed information on domain
properties and followed the changes in properties over a range
of surface tensions, which to our knowledge has not been
previously studied in simulations. This high spatial and
temporal resolution data on nanoscale domains can comple-
ment experimental data and provide new insights into phase
transitions in lipid membranes.

Interestingly, phase transformations in the two considered
lipid mixtures proceeded via distinct mechanisms, namely,
nucleation and spinodal decomposition, respectively. These
mechanisms were determined by points within different regions
(with respect to the binodal/spinodal curves) of the lipid phase
diagram, set by the selected lipid composition, temperature, and
surface tension. When these conditions were changed, different
transformation mechanisms could be observed [e.g., lowering
the temperature in the LC/LE mixture led to spinodal
decomposition (results not shown)]. On the other hand,
when the temperature of the Lo/Ld mixture was increased, the
phase behavior of the monolayer changed from stable domains
to transient compositional fluctuations. This change in phase
behavior could indicate that the system was in the vicinity of a
critical point.”! However, the calculated line tension values at
the Ld—Lo interface were relatively high and did not support
the latter. In addition, the structures of the Ld and Lo phases
differ substantially (e.g., the thicknesses differ by ~0.6 nm in
bilayers*®).

The driving forces for phase separation were also different in
the two simulated systems. Separation into the Lo and Ld
phases was induced by preferential interactions between
cholesterol and the saturated lipid, leading to their segregation
and to exclusion of unsaturated lipids from the Lo phase.
Formation of the LC domains from the LE phase was induced
by monolayer lateral compression upon lowering of the surface
tension. The latter had a condensing effect on the (high-
melting-temperature) DPPC lipid, similar to lowering the
temperature.

The presence of domains changed the monolayer viscoelastic
properties. The monolayer surface viscosity increased in the
presence of domains, in particular because of morphological
changes (in the Lo/Ld coexistence). The areas per lipid in the
LE and LC phases remained nearly constant while the average
area decreased upon monolayer compression. Monolayer
compression changes the composition of the phases, which in
turn regulates the phase structure in addition to surface tension
in homogeneous mixtures. Segregation of lipid components
leads to spontaneous curvature of Lo domains at low surface
tensions. The latter develops as the work against the surface
tension to increase the monolayer area accompanying its
bending becomes low. Monolayer compression also leads to a
reduction in the line tension at both the LE-LC and Lo—Ld
interfaces, which could lead to smaller (nanoscale, raftlike)
domains”® and could also explain the restructuring from micro-
to nanodomains upon reduction of surface tension in lung
surfactant.'>*”

It is worth mentioning the limitations of our simulations. We
considered relatively low surface tensions (1—30 mN/m),
which are relevant for the function of lung surfactant.”® The
monolayer surface density is comparable to that of bilayers at
surface tensions of 30—40 mN/m. Lipid molecules constituting
the considered mixtures were parametrized in the MARTINI
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model to reproduce the grosperties of pure bilayers in a selected
interval of temperatures.”*® The phase transition temperatures
differ somewhat from the experimental values,>**** and they
demonstrate a weaker temperature dependence because of
substitution of entropic interactions by enthalpic ones in the
reduced degrees of freedom due to coarse graining. Therefore,
the phase diagrams of the considered mixtures cannot be
exactly mapped to experimental phase diagrams. Nevertheless,
we believe that the trends observed in our simulations are
generally valid and could explain the properties of monolayers
with phase coexistence.

This work has focused on lipid monolayers under varying
surface tension. Decreasing surface tension in monolayers can
be translated to decreasing temperature in bilayers.”” We
therefore believe that our results are of interest for under-
standing the phase behavior in lipid membranes in general. The
large length and time scales of our simulations provide a bridge
towards the state-of-the-art techniques, including super-
resolution microscopy, atomic force microscopy, and secon-
dary-ion mass spectroscopy, '~ while combining composi-
tional, structural, and dynamic information. The detailed
information on domain properties can improve our under-
standing of the lipid—lipid interactions underlying lateral
heterogeneity in biological membranes.

B CONCLUSIONS

We simulated transformations into LC/LE and Lo/Ld phases
in lipid monolayers in the MARTINI coarse-grained model, and
characterized the properties of monolayers with coexisting
phases under varying surface tension. Partial lipid areas and
phase composition showed different dependences on surface
tension in the two lipid mixtures. The domain boundary length
increased and the line tension decreased with decreasing
surface tension. The monolayer surface viscosity increased as a
result of domain reorganization under shear. Domains of the Lo
phase manifested spontaneous curvature at low surface
tensions. The transformation from the mixed state to a
separated state occurred via nucleation and growth in one
case and spinodal decomposition in the second case, with
distinct coarsening kinetics. These simulations provide new
insight into both the structure and dynamics of monolayers
with nanosized domains and represent a significant step
towards an improved understanding of mixed biological
monolayers and bilayers.
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